W i l l i a m R u s h t o n first achieved scientific recognition for his w ork on the excitability of p erip h eral nerve w here he filled th e gap in the C am b rid g e succession betw een L o rd A drian, w hose last pap er on p e rip h eral nerve appeared in 1922, and A lan H odgkin, w hose first paper was p u b lish ed in 1937. It was on the stren g th of this w ork th a t he was elected a Fellow of th e Royal Society in 1948, b u t th en R u sh to n started his second scientific career, in vision, and for the next 30 years he was d o m in an t in a field th a t was advancing exceptionally fast. In w hatever he was engaged he cut a striking and influential figure, for he was always in terested in a new idea and had the knack of finding the critical arg u m en t or ex p erim en t to test it. H e was argum entative, and often an enorm ously successful show m an, b u t he also exerted m u ch influence from the style of his private discussions and argum ents. H e valued the h u m an intellect and its skilful use above everything else, and he successfully tran sm itted this enthusiasm to a large n u m b e r of stu d en ts and disciples.
in fact possessed. F o r although he was d estructively self-critical and self-doubtin g , he was n o t m odest n o r was he o rdinary, and I have tried to convey som e of these paradoxical aspects of his ch aracter in the quotation s th at follow.
Vision Research p u b lish ed a m em orial issue for W illiam R u sh to n (vol. 22, no. 6). T h is contains an o b itu ary by M . A lp ern (1982) , th e colleague w ith w hom he p u b lish ed m ore p apers th an anyone else, and th ere are eight o th er articles relevant to R u sh to n 's w ork, two of w hich (H odgkin 1982; Barlow 1982) contain som e personal rem iniscences of him as a colleague. In an o th er volum e A lpern (1983) and C am pbell (1983) give charm ing and vivid im pressions of w hat it was like to w ork w ith him , and D. M acL e o d 's R u sh to n M em orial L ectu re (1986) contains m ore im pressions. . H e w ro te& ' I com e from a line of W illiam R ushtons, originally from Liverpool. T h ey vigorously opposed the slave trad e u pon w hich th e cotton in d u stry depended and were often u n p o p u lar in the city, w here they had som e stan d in g .' H is g ran d fath er was a scholar and becam e Professor of H isto ry and English L iteratu re at Q u een 's College, Cork. 'A ccording to m y uncle (who was n o t a good eye-w itness as he was utero at the tim e) he died from a w ound received from a sentry in one of the Irish " tro u b le s " w hen he ab sen t-m in d ed ly failed to respond to a ch allen g e... H e left six children and no m oney.
,b W illiam 's fath er was the eldest son and started earning at once, b u t by din t of nig h t-w o rk qualified as a d en tist in L o ndon, and sent all his three children to C am bridge. W illiam was th e oldest of them , his b ro th er M artin A m sler being 15 m onths y ounger; he becam e P rofessor of D ental M edicine at G u y 's H ospital, L o n d o n , and received m any distinctions in E ngland and abroad. H is sister, R u th Alice, was four years younger and becam e a doctor practising in O xford.
W illiam 's m other, Alice Louise Jane ( A m sler) was g ran d -d au g h ter of the Swiss engraver Sam uel A m sler, P rofessor at the M unich A cadem y, who was probably the nephew of Jacob A m sler, the inventor of the planim eter in com m on use un til recently. She was a good pianist, and W illiam attrib u tes his love of m usic to her playing of the G erm an classics in his youth.
W illiam spent five years (from 1942 to 1947) in psychoanalysis w ith S usan Isaacs, and m u st have th o u g h t deeply ab o u t his fam ily. T h e follow ing q u o tatio n s are th erefo re of in te re st6. 'O n reading au to b io g raphies I am full of ad m iratio n of the way au th o rs can rem em b er not only th e detailed fact of early events b u t th e ir im pact u p o n th e b rig h t child m entality. P h o to g rap h s show m e as a child h alf asleep and m y lack of crisp recollection tallies. T h o u g h M a rtin was 15 m o n th s younger, I always reg ard ed him as equal and w hen we fou g h t he had a sort of reckless d eterm in a tio n w hich generally b ro u g h t him o u t victor. I th in k I developed a som ew hat fem inine a ttitu d e tow ards him and w hat he decided was generally w hat we d id .' 'W hen I was 40 m y m o th e r's sister said " Y ou know y o u r fath er was te rrib ly strict w ith you. I could n o t b ear to see it so m etim es." T h is does no t tally w ith m y ow n view of m y father, w ho was u n d o u b ted ly a reasonable, sensible, kind m an. H e was a p atien t deliberate sort of m an w ith sim ple tastes, beloved of his patien ts and w ith m any friends. All the sam e he had rigid views on how little boys should behave and S unday (w hen he was at hom e) was a day of strain. If I cannot rem em b er a rebellious th o u g h t it is very likely th a t those th o u g h ts w ere at tim es so violent th a t they have been rep ressed . ' ' I was frig h ten ed to ask m y father for an y thing in case he m ig h t say " N o " . It was not th e d isap p o in tm en t of n o t gettin g th a t I m inded, for I far p referred n o t to ask (and hence n o t to get). " N o " m eant som ething m u ch m ore aw ful-the confirm ation of w hat I feared, th a t I was u n w o rth y or in co m p eten t or perhap s p resu m p tu o u s, rivalling the father, unleashing the repressed O e d ip u s. ' 'W hatever the significance, it has been a very im p o rtan t p attern in m y life. I have never been able to ask for things e.g. research facilities, th o u g h on nearly every occasion w here I have sum m oned courage enough, I have got w hat I requested. U n til the age of 60 I m ade do w ith a research g rant of £ 5 0 p.a. A nd I still feel m ost at hom e (and do good w ork!) w ith eq u ip m en t co n stru cted o u t of odds and e n d s. ' ' M y father used to teach us to th in k a b it for ourselves by refusing to answ er questions th at we could w ork out from know ledge we possessed. T h is I valued very m uch, for the pow er it gave, th o u g h I waste tim e still deriving slowly from first principles things it w ere quicker to look up. T h e re was one type of question he p u t w hich I usually got w rong. " A bag of feathers is very light. A re 2 bags lighter th an o n e ? " M artin was always correct, short and non-explanatory. I was usually puzzled and w rong. I did not see w h eth er lightness or heaviness should be additive. M artin said heaviness ad d ed ; F ath er said th at was correct. L ater I saw w ith hydrogen balloons it was after all lightness th at was additive. It w asn't until A rchim edes cam e to the rescue th at I grasped the essentials; and then I rem em bered the old feather question and at last u n d ersto o d . ' A bout his m other he wrote®: 'M y m o th er was always loving and in d ulgent and was rath er easy to get around. I think I may associate her w ith the life-giving and very flexible principles of biology and m y father w ith the rigid causality of physics-for I knew n o th in g of q u an tu m physics. I w onder if th e subject of m y studies is the sym bolic u nion of m y parents reconciling physical causality to biological versatility. ' T h e Personal R ecord booklet asks for ancestors and relations n o te w orthy in science, learning, etc. In addition to those already given, W illiam m entions his fa th e r's cousin, Sir Ray L ankester, F .R .S ., whose father, E dw in, was also F .R .S ., and an o th er cousin, R u sh to n Parker, P rofessor of S urgery at L iverpool. Also his uncle, M aurice A m sler, a naturalist w ho received the V ictoria M edal of H o n o u r of the Royal H o rticu ltu ral Society.
H is early education was at hom e u ntil 1908; at T h e H all, L o n d o n N . W .3, from 1909 W .3, from to 1915 W .3, from , th en at G resh am 's School, H olt, from 1915 W .3, from to 1920 . H e w rites6: ' I was b orn left-h an d ed b u t was tau g h t to be rig h t-h an d ed so th at I w rite and do m ost skilled acts b etter w ith m y right hand. I expect th a t m y speech centre is in m y rig h t cerebral hem isphere, b u t as m y friend D r C arm ichael th e N eurologist said of him self " I am ju s t w aiting for m y hem iplegia to m ake s u r e " .* M y w riting is certainly controlled by the left hem isphere. I was tau g h t at hom e by m y m o th er until I was 7 4 and developed a bad stam m er w hich m u st have coincided in tim e w ith learning to read and w rite. T h is lifted from m y tongue after a year or tw o, b u t I still have som ething like a stam m er in m y w riting. As I w rite now (and always) I grip the pen rigidly, w hich does n o t stop it going in th e w rong direction. So I find w riting a strain, and w rite so slowly that it has always been a severe handicap in ex am inations. ' ' R eading too is slow, tirin g and rath e r disagreeable to m e, and I read very little. M ost of m y reading goes th ro u g h the auditory im age and even into m otor speech, so I am rath er conscious of how the w ritten w ord sounds-,but it is very slow. I was tau g h t to read from a p rim er based upon the notion th at English was phonetically logical and m y spelling has never recovered from the enorm ity of this m isap p reh en sio n .' John M ollon told me th at W illiam had once suggested th at he m ight have a very slender corpus callosum , because although he could m a n ip ulate both w ords and geom etrical concepts skilfully, he som etim es had difficulty in translating from one to the other. Even tho u g h he may have found w riting difficult, w hat em erged was o u tstan d in g in vividness and clarity; D onald M acleod w rote: 'H e could produce perfect copy for publication w ith o u t having to cross things o u t or rearrange m aterial. H e w ould first com pose, and then w rite, a paragraph at a tim e, like G ib b o n . .. '. T h is m u st be so, for he w rote the obituary of A drian (176) in about one hour.
W illiam goes o n 6: 'Professor A. S. Besicovitch F .R .S . th o u g h t m e a natural m athem atician and used to give m e problem s th at needed ingenuity b u t n o t stan d ard technique for solution, and he enjoyed some of m y curious attem p ts. I certain ly d elig h t in m ath em atical beau ty w here I can co m p re h en d it. I m ay have a trace of Jacob A m sler in m y blood, b u t m y in terest in the subject d ated from a definite event. A t T h e H all we h ad been ta u g h t m ath s by a m aster (w ho d id n o t know w hat it was about) up to sim ple eq u atio n s in algebra. T h e n the very intelligent h ead m aster E. H . M o n tau b an took th e class. " H ow do you solve this eq u atio n on th e b o a rd ? " W e knew th a t one: " B ring th e x 's from rig h t to left changing th e s ig n " . " W hy can you do th is ? " " Because it's the r u le " . " W hy is it th e r u le ? " W h at a q uestion! W hy is the p erfect of fero, tu li? W hy do they m ake boots in N o ttin g h am ? W h y . .. ? ' ' M o n tau b an was a b o rn teacher, he saw o u r blank faces w hen he said " D o n 't you see th a t equals + equals are still e q u a l" . T w o boys of equal heig ht w ere called o u t w ith th e ir copy books. " S tan d the books on your heads. N ow look at those h eig h ts: equal + equal are in total equal etc. e tc ." . F o r m e in th a t m o m en t som ething new in know ledge was revealed, som ething beyond th e catalogue of casual fact and usage w hich was all I h ad been p resen ted w ith so far. H ere was a subject w here I was the ju d g e, th e m aker of the rules if I could ju stify them . All m athem atics is w ith in m e if I am clever enough to b rin g it out. It has tu rn e d o ut a big ' A sim ilar experience occu rred in geom etry w hen I suddenly realized th a t relations depended u p o n reasoning and n o t on th e actual m easu re m ents of sides and angles w ith w hich the subject had been in tro d u ced to m e. E uclidean geom etry had th e greatest fascination for m e and I used to steal into the higher classroom s to read th e pro p erties of circles in bigger b o y s' books. I have never failed to solve any geom etry p roblem I was set at school n o r any of the good and rath e r h ard ones th a t my m athem atical friends have posed m e since. ' ' In m ost of m y scientific w ork (now m ore th an ever) w hen th ere is a com plex of physiological processes to analyse, it is geom etry th at soonest gives m e insight. I b uild in im agination a sort of m oving m odel of experim ental curves changing w ith observed or conjectured param etric variation, and som etim es I can see the co n strain ts and guess th eir causes. It is only w hen in tu itio n has died in giving b irth to the explicit relation th at the epitaph is carved in alg e b ra '.
Continuing® : 'G re sh a m 's School was in the van in the teaching of science, though m aths w ere n o t of very high standard. T h e senior physics m aster (later H eadm aster) J. R. Eccles knew no calculus and was n ot in favour of its use in physical theory. M y interest was m ainly m athem atical and I used to w ork the answ ers backw ards from the accepted value for the specific heat to see w hat the th erm o m eter readings should b e .' 'T h e chem istry teacher H am m ick (later Fellow of O riel, O xford, F .R .S . 1952) was by far the best scientist th ere and his best boys all got scholarships, usually to O xford. I was terrified of his unpredictable m oods and generally spilled som ething w hen he approached. I never got a feeling for chem istry and have none now. T h is I used to think was due to am biguity in the theory, etc. B ut I now believe th a t I never really w anted to handle the m essy corrosive stuff and regarded theory as an escape from " s tin k s " .' ' T h is m a tter of ad v en tu re or w ithdraw al of the im agination is fu n d a m ental to p ro p er u n d erstan d in g . I ad v en tu red in m echanics, optics, electricity, heat and chem istry in th at o rd er of m agnitude, and in chem istry it was no ad v en tu re at all. I needed a rigid m aths th eory to su p p o rt the adv en tu re and even in optics I got uncom fortable as soon as geom etrical optics was le ft.' ' T h e re was no biology tau g h t at this tim e. M r H am m ick used some of his chem istry tim e to speak of the nitro g en cycle or the carbon cycle or D a rw in 's theory of evolution, etc. T h e re was a flourishing N at. H ist. Soc. for spare tim e study, b u t I jo in ed the A stronom y group and did no biology at school at all. ' ' D u rin g m y last year or so I was p erm itted to w ork in the L abs on m y own. I had no d irection and am used m yself by evacuating tubes and passing electric discharges th ro u g h , and m any little physical tricks. T h ese show ed no desire to find out new physical know ledge, b u t exhibited for the first tim e (at the age of 17) some feeling for the handling of m aterials and the design of some kind of experim ent or d em o n stratio n . ' ' I h u rt a finger at football, and d em o n strated to the doctor th at it was a greenstick fracture by an x-ray photo exposed for j h o u r w hile the W im sh u rst activated the tu b e ! ' ' Seeing th a t all m y in terest was tow ards m aths and physics and away from " m e ssy " subjects like heat and chem istry (as I th o u g h t them ) it is surprisin g th at I entered C am bridge as a m edical student. W hen I failed to get a scholarship at E m m anuel College I realised th at I m u st take a course of study w ith some fu tu re for the m ediocre. I received an in tro d u ctio n to a m athem atician on the staff of U .C .L . who gave m e good advice. E ith er apply physics to physiology and go on to m edicine if you are not good enough for research, or else go in for engineering! But the picture he painted of doing technical research for in d u stry seem ed so restrictive th at I th o u g h t I m u st take up physiology.' R ushton w ent up to E m m anuel as a m edical stu d en t in 1921 and did very well, passing 2nd M .B . in D ecem ber 1922, and obtaining a first in 'M a y s ' in 1923, on the stren g th of w hich he was aw arded a College scholarship. In his P art I in 1924 he only got a 2nd, perhaps partly because^: ' I spent a whole term alm ost entirely absorbed in the T h eo ry of N u m b ers (residues). C haracteristically I never looked at a book so that I could have the satisfaction of " o rig in a l" discovery. A nd naturally everything I th o u g h t of was w ell-know n to m athem aticians 200 years ago and triv ial.' H ow ever he w ent on to obtain a 1st in P art II in physiology in 1925 and was aw arded the M ichael F o ster S tu dentship.
A m ong his teachers he m entions D r H ele, his tu to r and supervisor at E m m an u el w ho later becam e M aster, and w hom he fo u n d very sy m p a th etic. A lso A lex W ood, w hose lectu res at th e C avendish he found in sp irin g . B ut m ost im p o rta n t w ere E. D . A d rian and H . H artrid g e , of w h o m he w ro te 6: ' I have always th o u g h t A d ria n 's lectures w ere m arvellous w h eth er to stu d en ts or w orld experts. H e gave th e essentials w ith o u t th e c lu tte r of anatom ical and o th e r technical term s th a t stu d en ts so love to copy dow n, h ap p y th a t here is so m eth in g th a t can be learn t w ith o u t n eeding to be u n d ersto o d . T h e su m m it of his achievem ent cam e 15 years later w hen he w ould ru sh from breakfast, dissect o u t a single nerve fibre p rep aratio n from one of h alf a dozen regions of a frog, and ap p ear at 9 a.m . to give his lecture in th e course of w hich he could d em o n strate to the Class, w hat practically no-o n e in the w orld could achieve in a week of ex p erim en tin g .' 'H . H . H a rtrid g e ta u g h t m e n erv e-m u scle physiology in class and sense organs in lectures. I often b ro u g h t m y pro b lem s to him and found h im encouraging and en lightening. ' L u c a s's influence on m e was of tw o kinds. In the first place the " all or n o n e " response of nerve and m uscle w hich he discovered, show ed this tissue to have som ething of the rigid invariant response I needed to feel safe in m y research m aterial. T h e regularity and repeatability of nerves m ade the research nearly one of physics. In the second place I was d elighted to intoxication w ith the pow er he exhibited to such perfection of asking the rig h t questio n -and I still am. " T h is phenom enon could be explained eith er on these lines or on those, and by this experim ent we can decide betw een th e m ." It was som ew hat later before I realised th at th e strong result lay in w hat the ex p erim en t proved w rong. I still th o u g h t th a t results consistent w ith the experim ent were thereb y proved to be rig h t.' A t first he w ished to defend A drian and Lucas against the attack on decrem ental conduction th at had recently been m ade by the Japanese.
A pparently A d rian said ' If th e Japs are rig h t you will w aste y our tim e; if Lucas and I are right, we, n o t you, will get the credit. F in d a p roblem of your own to w ork o n .' T h u s, after som e false starts, he began to investigate the flow of c u rren t in and aro u n d nerves to determ in e the portion of the cu rren t flow responsible for excitation. H e w ro te6: 'T o deal quantitatively w ith the general case of applied c u rren t d istrib u tio n required a solution of the cable equation. T h is was well know n, and for the steady state it is very elem entary-b u t n ot to m e. Follow ing the inefficient p attern of m y life, I never consulted a book b u t w orked o u t the problem from first principles. I reduced th e physics to a differential equation w ith b o u n d ary conditions (a new kind of m athem atical concept to me), then I solved it for the cases th at in terested me. M y first p u blished paper shows th e curious, clum sy b u t correct m athem atics and the neat experim ental results w hich fit the ex p ectatio n s.' As a result of this work he won the Stokes S tu d en tsh ip at P em broke College (in effect a college fellow ship) in 1929.
D etlev B ronk w orked w ith A drian in C am bridge in 1927-28, and invited R u sh to n to com e back to the U .S .A . w ith him as one of the first Fellows of his new establishm ent, the Jo h n so n F o u n d atio n in P h ilad el phia. T h e re he m et b o th R agnar G ran it and K effer H artline. H e stayed for two years, gettin g m arried at the end of his first (see below), and was invited to stay perm an en tly , b u t instead retu rn ed to a Research Fellow ship at E m m anuel. D u rin g m ost of his tim e he was involved in a controversy w ith L ouis L apicque of the Sorbonne, who had, W illiam th o u g h t, spoken® 'slightingly of K. Lucas and I was indignant. M y studies of cu rren t d istrib u tio n allowed m e to analyse L ap icq u e's theory of curarization and I th in k disprove it. W h at really settled L apicque was the p roof by D ale et al. th a t nerves stim ulated m uscles by A C h and not electrically. L ap icq u e-R u sh to n becam e u n im p o rta n t'. L ater he w ro te6: ' I learnt th at w ith controversy (as w ith antibiotics) you m u st not give small doses so th at y our antagonist can adapt. In m y next controversy (w ith L oren te de N o in 1949) I gave one strong dose and it was e n o u g h '.
T h e scientific aspects of the L apicque controversy are considered on p. 437.
H e w ent to U niversity College H ospital to study clinical m edicine in 1931. H e w ro te6: 'T h is extinguished m e as a research scientist for about 12 years. I th ink it w ould have been forever, if I had not been psychoanalyzed '. Before going on to his troubles as a m edical stu d en t and his later career his m arriage will be described.
M a r r i a g e
In July 1930 he m arried M arjorie G lasson K endrick. H e w rote6: ' I first m et her playing the h arpsichord and singing m adrigals at N ew nham in a D ow land tercentenary concert w hich, as P resident of the College M usical Society, she had organized. I th e n w rote h er a 4 -p a rt m adrigal in th e old style and o u r acqu ain tan ce p ro s p e re d '. She was tw o years W illiam 's ju n io r and a stu d e n t of N ew n h am , o b tain in g a 1st class in b o th p arts of th e G eo g rap h y T rip o s, and th en becom ing a lectu rer at M an ch este r U n iv ersity .
W illiam was reticen t ab o u t his m arriage, describ in g it only as 'stable and h a p p y '. B ut th a t does n o t m ean he u n d erv alu ed it, and m any will feel th a t it was th e stable fo u n d atio n of his life and was especially im p o rtan t as th e base for his aston ish in g b u rs t of creativity in vision, startin g w hen he was nearly 50.
T h e y had five ch ild ren , one of w hom died in infancy. T h e o th e r four are m a rried and betw een th em have p ro d u ced 10 g ran d ch ild ren for W illiam and M arjorie. T h e older son, A drian, got a P h .D . in G eology u n d e r P rofessor O. M . B. B ulm an, F .R .S ., and is now on the staff of th e B ritish G eological S urvey. T h e y o u n g er son, Ju lian, read m usic at C am b rid g e, o b tain ed a D .P h il. at O xford and is now P rofessor of M usic at L eeds.
M usic co n tin u ed to play an im p o rtan t p art in th e ir hom e, and they m u st have had at least as m any m usical as scientific friends. W illiam played violin and viola, and he took up the bassoon and gave M arjorie an oboe before they w ere m a rried ; they b o th played 'rath e r w e ll'. M arjo rie also sang and played th e piano, being a good accom panist. W illiam had a very extensive know ledge of m usic, w hich he displayed som ew hat less often w hen he discovered (w ith pride) th at Ju lian outshone him ! G illian played the cello and m arried a cellist, A drian played the F ren ch h o rn and m arried an oboe player, Jocelin played the flute and sang, and Ju lian played piano and clarinet and m arried a singer. M any of th e g ran d ch ild ren are also m usicians. Every year they w ent to B ernard R o b in so n 's m usic cam p in B erkshire, and gathered innu m erab le m usical friends. T h e re can have been few evenings w ith o u t m usic in th eir hom e and it played an extrem ely im p o rtan t p art in W illiam 's life.
I have heard it suggested, in the 1940s, th a t m usic was a d istraction from his research, b u t nobody who glances th ro u g h his publications after 1950 could believe this was tru e at th a t tim e. As for the earlier period w hen he was less prod u ctiv e, o th er factors such as his difficulty in getting qualified and his heavy teaching load d u rin g W orld W ar II m ust have been im p o rtan t, th o u g h the roots of tro u b le of course lay deeper. T h e im portance of m usic for W illiam is show n by the fact th at he had lessons from M ax Rostal d u rin g the w ar, and he was able to play th ro u g h the K reu tze r sonata w ith M arjorie only a year or two before he died. H is ow n assessm ent of the role of m usic, as of his psychoanalysis, w ould certainly have placed it high on the life-preserving side.
T h o u g h W illiam was not an extroverted m an on easy term s w ith everyone, he certainly liked to converse w ith selected friends and frequently invited them to his hom e. H e was interested in people, and had a good ability to assess character and intelligence. W hen he w ished he had an uncanny knack of finding o u t som eone's in n er secrets, ju s t as he was inexorable in p ro b in g his own. As far as I could ju d g e, the atm osphere in his hom e was a little like w hat he describes in his own fam ily: his children seem ed to be som ew hat in awe of him , b u t p ro b ably found M arjorie, th o u g h she was n o t lacking in firm ness, 'always loving and rath er easy to get a r o u n d '. A t all events they seem to have followed a successful recipe for p aren th o o d , and in later life he quite frequently talked of his ch ild ren w ith im m ense, and justifiable, pride. H e was also very in terested in his form er stu d en ts, and one of m y last m em ories of him fixed itself in m y m in d as I was d ep artin g after a visit w hen he was very ill. I was spending a few m in u tes outside the door chatting am iably w ith Jocelin and delaying her re tu rn to him . W e both th o u g h t he could n o t possibly m ove unaided, and w ere astonished to see th a t he had som ehow got to the fro n t of the house and was w atching us th ro u g h the w indow w ith an am used and slightly w icked grin on his face.
M e d i c a l s t u d i e s
In 1932 Joseph B arcroft, the Professor of Physiology at C am bridge, prom ised R u sh to n a lectureship w hen he was m edically qualified, and he w ent to U niversity College H ospital to com plete his studies for qualifi cation. H e was a poor stu d en t, in spite of his adm iration for several of his teachers; he m entions F rancis W alshe, Ju lian T aylor, G eorge P ick ering, and especially T h o m as Lew is. H e w rote": 'M y badness as a m edical stu d en t cannot be explained on rational g ro u n d s __ It has given me some u n d erstan d in g of m y own n eu ro tic pupils. By th e end of m y three years I had failed once in C am bridge Finals (Pt I) and twice in Surgery and G ynaecology of the C onjoint, b u t I had passed m y conjoint M e d ic in e '.
T h e n in 1935 B arcroft gave him a lectureship although he was not qualified. H e failed his C am bridge Finals again in D ecem ber 1935, b u t took the C onjoint tw o years later 'because I did n o t w ish to spend the rest of my life teaching stu d en ts to pass w here I had failed ', and this tim e he passed. It was im p o rtan t because it enabled T rin ity College to elect him to a Staff Fellow ship in medical physiology at the same tim e as A. L. H odgkin was elected to a Staff Fellow ship in physiology. T h is association w ith N ew to n 's college m eant a great deal to him . H e dined frequently, not for the food and drink, b u t to sharpen his wits in disputation w ith anyone he sat next to. H e was w holly devoted to fu rth erin g the em inence of the College in learning and research, being equally concerned w ith electing Fellows for th eir brain pow er and w ith encouraging the intellectual developm ent of his un d erg rad u ate students. H e certainly paid his d eb t to T rin ity , for I have heard it suggested th at he was the best D irecto r of Studies the college has ever had. B elonging to th e College th a t had fostered N ew to n and M axw ell, and w here he d ined on equal te rm s w ith A d rian and H o d g k in , m u st have done so m ething to assuage his self-d o u b t, b u t it d id n o t ex tin g u ish it. H e heads a section of his P ersonal R ecord 'T w e n ty m ore years of nerve research (1 9 3 2 -1 9 5 2 )' saying^: 'T h is is a sad story of one w ho d id n o t lack intelligence and in v en tio n b u t w ho lacked th e courage to be effective and p ro d u ctiv e. I d ared to be stro n g in th e defence of L ucas against L ap icq u e, b u t n o t to defend m y ow n original fin d in g s'. A gain, he w ro teft: 'F o r ab o u t five years I w orked in th e lab entirely m aking eq u ip m en t to do ex p erim en ts th a t w ere never d o n e ', and th ere are in fact five years (1938) (1939) (1940) (1941) (1942) w ith no pub licatio n s at all. T h is in clu d ed four w ar years, and how ever m u ch he m ay d ep recate his early w ork it was sufficient by 1948 to earn him election to th e Royal Society.
T h e years from 1948 to 1952 w ere m uch m ore satisfactory; he said&: 'T h e tide began to tu rn w ith the h alf-y ear's research in 1948 w ith m y b rillian tly subtle and retirin g stu d en t C yril R a sh b a ss'. In 1967° he w ro te: ' I have done m uch b e tte r w ork this last 16 years th an ever before, I have enjoyed it far m ore and had an entirely different attitu d e to N atu re. T h is is a su rp risin g change in a m an of 50 w ho has g ro u n d to a halt, and I feel sure th a t it was m y psychoanalysis w ith Susan Isaacs th a t renew ed m e. I m u st have been a m ost exasperating p atien t and I do n o t have m uch idea of w hat w ent on in all those p retty tran sactio n s betw een the conscious and the unconscious m ind. B ut tw o big changes resulted th at are clearly seen: (a) I d ro p p ed the subject of nerve excitation u pon whose details I had co n cen trated up till then, and launched o u t into vision, about w hich I knew very little; ( b) I changed the object of experi H ith e rto it had been to verify th e correctness of m y analytic concepts. I chose concepts I was sure w ere tru e and was only concerned to d em o n strate th e tru th by neat experim ents. Som etim es the dem o n stratio n w ould not w ork and ano th er trick had to be used, b u t the theoretical tru th was never in d o u b t. N ow I asked questions. T h e concept of m yself was no longer the m aster w ho orders N atu re to display w hat long ago I saw, b u t the h u m b le lover w ho woos her to uncover a little. T h e discovery of the unexpected fascinates m e m ore and terrifies m e less.' 'T w o nam es m u st be m en tio n ed th a t helped m e m uch to change-R agnar G ra n it (F o r.M em .R .S .) w ho helped and encouraged m e to take up vision in his L ab d u rin g m y stay th ere , and A lan H odgkin F .R .S . w hose attitu d e to biological enquiry, su p erb analytic skill and deep hum ility have show n m e the direction I should g o . ' 'F o r th ree years after I decided to take up vision I continued w ith nerves and th o u g h t of problem s in vision th at needed solving. T h e n I decided to try to m easure the visual pigm ents in living eyes. T h is proved successful and w orth doing, and it leads on to m any o ther th in g s. ' It was certainly tru e th at the tide tu rn ed in 1948: before then he had pub lished 28 papers in some 20 years of research, b u t d u rin g the next 30 years he p u b lish ed 155! A n o th er change was th at, w hereas all b u t three of the early p apers w ere by him self alone, the m ajority of th e later ones were co llab o rativ e; d u rin g th e later period he had no less th an 29 different co-authors. P erhaps th e stam m er th at lifted from his tongue w hen he was 8 or 9 had lodged in his m in d and taken 40 years to be elim inated altogether. I certainly recall a very striking change at about th a t tim e: before, if one asked a question one was likely to be faced w ith total silence for m any seconds, and it was the type of em barrassed silence th a t one feels tem pted to break by suggesting an answ er oneself, as w ith stam m erers. T h is w ould, how ever, have been a m istake, for w hen the answ er did com e it was often totally unexpected and clearly the result of deep and effective thought. A fter about 1950-55, answ ers cam e w ith o u t delay, and the difficulty was to find a m o m en t of silence long enough to in sert a question.
U ntil his retirem en t in 1968 he was based in C am bridge, b u t spent sabbatical years first w ith M . G . F. F u o rtes at B ethesda in 1959-60, and another at Johns H opkins in 1966-67. H e had w orked in C am bridge w ith H . D . Baker from F lorida S tate U niversity, T allahassee, and upon retirem en t he was offered a position th ere as D istin g u ish ed R esearch Professor, w hich he occupied for seven years m aking freq u en t jo u rn ey s betw een C am bridge and F lorida. T h ese con tin u ed to be astonishingly productive years, considering he was past retirin g age. T h ey were in terru p ted for visits to the N ational In stitu tes of H ealth, Bethesda, M aryland, and A ustralia in 1972-74 . It was at a m eeting in C anberra in F ebruary 1972 th at he had a 'b la c k -o u t', now recognizable as the first sign of his final illness*.
U pon retu rn in g to the C raik L aboratory, C am bridge, in 1975, he came regularly to m eetings and was still deeply involved in research, especially th at using the ingenious 'analytical anom aloscope'. It was not at first obvious to others, b u t he felt his pow ers w ere declining, and according to John M ollon he m o n ito red the decline by noting how long it took him to prove S im p so n 's rule. L ater it becam e noticeable th at he was no longer asking the b rig h test and m ost pro b ing questions of visiting lecturers, no r m aking the m ost valuable suggestions to colleagues over th eir problem s, b u t this rem inded one how astonishing he had been before. T h o u g h he could no longer play successfully the fam iliar p art he had played so long, that of the b rig h test boy in the class, these last years were not b arren for It was sad to observe his m o re rap id d eterio ratio n over th e last year or tw o, b u t co m fo rtin g to know th a t he was being n u rsed at his hom e by M arjo rie, w ith m e m b ers of th e now n u m e ro u s fam ily to w hich he was so attach ed never far away. H e died in Ju n e 1980.
T h e w o r k o n n e r v o u s e x c i t a t i o n
T h e p erio d fro m 1925 to 1950 d u rin g w hich th is w ork was done is exceptionally in terestin g because it saw the estab lish m en t of th e m o d ern th eo ry of n ervous excitation and p ro p ag atio n -p erh ap s the first cellular m echanism to be elucidated at a biophysical level. T h e first step was the p ro o f of th e local circu it th eo ry of th e pro p ag atio n of nerve im pulses by H o d gkin (1937 a) , and R u sh to n laid the g ro u n d w o rk for this by his q u an titativ e analysis of th e tem p o ral and spatial factors involved in electrical excitation. C able th eo ry had been applied m u ch earlier to the passive spread of po ten tials in nerves (electrotonus) by C rem er (1899), H e rm a n n (1905) and o th e rs; R u sh to n d em o n strated th a t the cable-like p ro p erties of nerve could account for th e effectiveness of applied cu rren ts in excitation, and th e th eo ry he developed pro v id ed th e backbone for u n d erstan d in g propagatio n .
R u sh to n m ade no m ajor c o n trib u tio n to the second im p o rtan t devel o p m en t, w hich was th e realization th a t th e electrochem ical potential difference betw een external and in tern al N a + ions provides the energy for the active process in pro pagation. T h is was only securely established by H o dgkin & K atz (1949) at a tim e w hen R u sh to n had already decided to leave th e field, b u t it developed from the earlier experim ental o b ser vation th a t th e action poten tial was greater th an the resting potential (H odgkin & H uxley 1939 , 1945 C u rtis & Cole 1942) . R u sh to n initially accepted N e rn s t's view th a t the effect of a c u rre n t is to be explained in term s of th e changes of ionic com position th at it brings about at cell m em branes, w here the flow of ions is im peded, and it is fo rtu n ate th at this m isleading idea did n o t interfere w ith his analysis of excitation. T h e re is a h in t th a t he was disco n ten ted w ith N e rn s t's view in a theory he expoun ded in 1935 (18) , in w hich the breakdow n of m em brane p erm eability d u rin g excitation was a ttrib u ted to the coalescence of saline d roplets held in em ulsion in the oily m em brane. T h e re is no m ention of differential perm eability to different ions, b u t it correctly attrib u tes excitation to changes of voltage across the m em brane, as in the m odern view (H odgkin, H uxley & K atz 1949) . T h is theory was never su b se qu ently m entioned, and it was probably because he felt th at electro chem ical potentials and ion channels w ere not his strong point th at he left the field and took up vision.
M any of R u sh to n 's p apers on nerve are gem s: a w ell-defined question is posed, the m eth o d s used are sim ple b u t often include an unexpected tw ist, and the results, old as well as new , are m arshalled to yield definite logical answ ers. T h ey are often form idably m athem atical, b u t one is coaxed th ro u g h this verbally and is never in d o u b t as to the purpose. T h u s they are easily u n d ersto o d , at least at a superficial level; a deep u n d erstan d in g of th e pro b lem s m ay n o t be so easily obtained from them , for he tend ed to em phasize th e way to get ro u n d difficulties, rath e r th an dwell on them . In his P h .D . thesis and first th ree papers (1-4) he show ed how the electrical th resh o ld varied w ith the length of nerve exposed to the stim u latin g cu rre n t and the angle betw een its direction of flow and the nerve fibres. It is easy to see how the c u rren t flows in the external m edium , and this flow is d isto rted in a fairly w ell-understood way by the leaky-cable stru ctu re of the nerve, b u t the question he asked was w here excitation occu rred and w hat fraction of the applied cu rren t w ould reach this p o in t and be effective in causing excitation. H e was in effect using the p ro p erty of excitability as a detecto r of cu rren t flow, and thus determ in in g w hat was excited and how the cu rren t flow was distorted in reaching it. M aking various assum ptions, he was able to apply cable theory and show th a t his results fitted q u antitatively the notion th at it is the c u rren t leaving the conductive axon core th ro u g h the nerve m em b ran e th a t is responsible for excitation.
T h e fact th at excitation occurs at the cathode, cable theory, and its consequences for the electrotonic spread of cu rren ts applied to nerve were all w ell-know n at this tim e, b u t R u sh to n 's analysis was concerned w ith the excitable stru ctu res of the nerve, and he identified the core of the axon w ith the co n d u cto r of the cable, and the transverse leakiness w ith the resistive and capacitative pro p erties of the m em brane. T h is again was not w holly new , b u t the know n electrotonic spread of applied cu rren ts is a passive process, and his m uch later w ork w ith R ashbass (31-33) show ed th at this passive spread in a whole nerve tru n k is largely determ in ed by the properties of the p erineurial sheath, not the cable properties of the nerve fibres them selves. T h u s his d em o n stratio n th at cable theory applies to the stru ctu res und erly in g the excitability of nerve was a m ost im p o rtan t step. T h e space constant of decay of a potential applied betw een the core of an axon and the interstitial fluid (the 'analytic le n g th ' as R ushton called it) is the crucial factor determ in in g how far the potential generated by an active region of nerve spreads ahead of the action potential to stim ulate the next region and th u s propagate the im pulse; it is curious th at R u sh to n 's papers do not em phasize this key functional role of his ' analytic length ' until after H o d g k in 's p ro o f of local circuit theory in 1937.
In a particularly elegant paper (14) he m easured the electrical resistance as well as the excitability as a function of electrode separation, and thus was able to verify quantitatively w hat he had previously had to assum e, nam ely th e value of th e analytical length, and th a t the cu rre n t leaving the core at th e cathode was co n stan t at th resh o ld . H e used th e th eo ry to d eterm in e , w ith A. L . H o d g k in , th e electrical co n stan ts of crustacean nerve, th is w ork being done in 1939 th o u g h n o t p u b lish ed u n til 1946. M u ch later (30) he becam e in terested in the fact th a t excitation of a nerve tru n k occurs a little w ay away from th e cathode, n o t b en eath it as expected, and th is led him into th e investigations on the ep in eu rial sheath done w ith the stu d e n t he so m uch adm ired , C yril R ashbass (31) (32) (33) . N o d o u b t his en th u siasm for this topic was increased by th e im p o rtan ce L o ren te de N o attach ed to th e sheath, and he was able to dispose of these views very effectively. It was this w ork th a t he said 'began to tu rn the tid e ' in his research, b u t alth o u g h the pap ers are w ritten in a m ore fluent style they have th e sam e qualities as th e earlier ones: clarity, logic, and a d irected attack on a w ell-chosen q uestion. In spite of th e elem ent of co n troversy w ith L o ren te de N o, one never feels th a t this was the d o m in an t issue. T w o m ore pap ers w ith Jacques L u ssier (34, 37) com plete this phase of his w ork, and provide adm irable exam ples of his ex p eri m ental ingenuity. H e was able to relate the space co n stan t of fibres of different d iam eter b o th to the con d u ctio n velocity and to th e ir intern o d al distances.
G oing back alm ost tw enty years we m u st consider the nine p apers th at w ere devoted to his disp u te w ith L ap icq u e over the chronaxie and the th eo ry of isochronism (5-10, 12, 13, 17) . In his Personal R ecord (See p. 430) he deprecates this w ork, saying th at the real advance occu rred w ith the d em o n stratio n of chem ical transm ission at the n eu ro m u scu lar ju n c tio n . P erhaps he was rig h t as far as th e polem ical aspect of th e w ork is concerned-the defence of K eith L ucas and the deb u n k in g of iso chronism -b u t it was q u ite an achievem ent to show w hat anatom ical stru ctu re s co rresp o n d ed to L u cas's alpha and gam m a substances. M u ch m o d ern neurophysiology is concerned w ith establishing such an ato m icalphysiological correlations, and although he w ould not have m uch relished a rep u ta tio n as a n euroan ato m ist he was always very m uch concerned to establish a solid found atio n in stru ctu re for his theories. T h is is also show n by his differentiation of the cable pro p erties of sheath and axon, by his w ork on the w orm ventral nerve cord, and by his early identification of th e source of G ra n it's action potentials in the cat retina. H e may have had the rep u tatio n of being over-in terested in theory, b u t he certainly had a m uch stronger urge than m any theoreticians to go beyond the equations to the biological stru ctu res to w hich the physical concepts applied. A t all events the u pshot of this stage of his w ork was to clear away the m ysticism th at su rro u n d ed the chronaxie and su b stitu te for it the clear u n d e r standing that there was a characteristic tim e constant associated w ith the electrical excitation of nerve or of m uscle, and in each case this was presum ably the tim e constant for charging the leaky, capacitative, excitable m em brane.
In his m ajor papers R u sh to n em phasized the positive aspects of theory and did not dw ell on th e difficulties, b u t several sh o rt notes show th at he was aw are o f problem s. H e appreciated th a t a com plete theory of excitation and p ropagation w ould req u ire m ore th an the trea tm e n t of a passive cable w ith exponential spatial and tem poral decay constants. Because the cable stru ctu re disperses a potential along the fibre, each po in t is m u ch influenced by its neig h b o u rs and it w ould be necessary to achieve a critical potential over som e ' characteristic length ' before any active response could becom e self-regenerative and propagate. H e p u b lished a b rief experim ental note show ing his aw areness of this in 1932 ( 11), fu rth er b rief discussions of the p roblem (19, 20) and a full-length theoretical trea tm e n t in 1937. T h u s he was one of the first to appreciate th at a local response precedes the p ropagated im pulse, though it was K atz (1937) and H odgkin (19376) who gave the first full experim ental dem onstrations of it.
R ushton s final theoretical p ap er on nerve is concerned w ith the relation betw een fibre diam eter and the velocity of propagation in m edullated nerve (35). Previous au th o rs had proved th at the conduction velocity of unm yelinated fibres should vary w ith the square root of fibre diam eter, provided th a t the axoplasm and m em branes possess identical specific quantities. T h is p red ictio n and others related to it are in reason able agreem ent w ith experim ental results. By m aking certain plausible assum ptions about the way in w hich in tern o d al distance, m yelin thickness and nodal area vary w ith fibre diam eter, R u sh to n was able to prove th a t the conduction velocity of m edullated nerve should vary w ith the first pow er of the diam eter, as in fact it is know n to do. A n o th er general conclusion in R u sh to n 's p ap er is th a t m yelinated nerves are constructed so th at th e ir dim ensions favour the m ost rapid conduction for a given external diam eter. A lthough R u sh to n 's assum ptions may not be exactly tru e his general arg u m en t rem ains im p o rtan t (see for instance Jack N oble & T sien 1975) .
H is w ork on the giant fibres in the ventral nerve cord of the earthw orm (23-27) was done d u rin g the war, at a tim e w hen his energy available for research was evidently at a low ebb, for he p ublished nothing after 1937 u ntil 1943. T h ese papers are a good deal less quantitative than m ost of his o ther w ork, b u t as already m entioned they show his concern w ith fitting the physiology both to the anatom y and to the functional role of the stru ctu res in the intact anim al. It was a disap p o in tm en t to him that the m ajor conclusions were reached at alm ost the same tim e by Bullock (1945) .
So m uch for his published w ork on nerve, b u t scientists often have an influence th at goes beyond the p ublished record. F o r about ten years, from 1925 to 1935, he was am ong the m ost original and effective people doing quantitative, m athem atical research on nerves, the key feature of his work perhaps being his deep concern th at the theory should not be d ivorced from its anatom ical an d biological s u b s tra te ; th u s he m ay have set th e style for th e asto n ish in g ly fru itfu l w ork of the follow ing tw o decades by those w ho follow ed in his ow n area. T h o u g h never ta u g h t by h im , A. L . H o d g k in (1982) a ttrib u te s his realization of th e im p o rtan ce of cable th eo ry in nervous excitation to th e 1934 p ap er (14) . H e ta u g h t and in sp ired A. F. H uxley, an d certain ly h ad a stro n g influence on m any o th ers w ho en tered o th e r areas of physiology, such as P. A. M erto n , G . P, B rindley, C. R ashbass, F. W . C am pbell and m yself. O ne should also appreciate his generous en th u siasm for th e w ork of those who took his place at tb j fo refro n t of n europhysiology, for he m u st have lived th ro u g h a pai: iful and difficult p erio d in w hich his ow n vision of how nerves w ork, w hile being b u ilt up o n , was also being surpassed.
T h e w o r k o n v i s i o n
R u sh to n p u b lish ed 147 papers on vision w ith 27 different colleagues over a p erio d of 30 years, w hereas th ere w ere 37 p apers on nerve w ith 4 colleagues over 25 years. Som e idea of his enorm ous energy and p ro d u c tivity can be gained by looking at his prodigious o u tp u t in one single year, 1965. H e p u b lish e d 10 p apers in the Journal , covering 133 pages, and was sole au th o r of 6 of them . T h is jo u rn al was certainly th e m ost prestigious for vision w ork at th a t tim e, and the p apers are by no m eans lightw eight or triv ial; I w ould certainly have been p ro u d to have co n trib u te d one or tw o y ears' w ork to any of them . In ad d itio n he saw his F e rrie r lecture th ro u g h the press and pub lish ed th ree oth er papers, th e total o u tp u t for this year covering 179 pages. It was probably at this tim e th a t, w hen I asked him w hat he was doing, he replied 'w orking on 19 m an u scrip ts sim u ltan eo u sly ', and this was at an age w hen m ost of us retire! T h e variety of his w ork on vision is as im pressive as the q u an tity and quality, and as I cannot do ju stice to all of it I shall restrict m yself to three goals: I shall try to sketch the developm ent of his w ork and ideas, to pick o ut th e item s th a t seem to have specially high and lasting value, and to assess the overall im pact he had on research in vision.
Origin and development of his ideas
R u sh to n was certainly in terested in vision in 1942, and I recall th at his course of lectures on the special senses in 1942 was one of the high spots of m y u n d erg rad u ate experience. In his biography of H am ilton H artrid g e (179) as well as his Personal R ecord (see p. 429) W illiam credits his in terest in vision, as well as nerve, to him , and th e reason for his interest was obvious: he saw th at it was a field in w hich his exact quantitative approach m ight be fruitfully applied. It was probably Selig H e c h t's work th at persuaded him th at this was so, though I m ainly recall him being critical about it; of H e c h t's th eo ry of colour vision, in w hich the suggested p rim aries are so closely su p erim p o sed th a t they barely differ to the naked eye, I rem em b er him saying th a t he liked th e argum ents but did not believe the conclusion. I also rem em b er him being in d ig n an t at the way H ech t appeared to rest satisfied once he had o btained a m a th e m atical fit to a set of data p o in ts; W illiam said th a t finding a quantitative relation should be th e beginning of a trail of discovery, and it was w orthless unless it led to b etter know ledge of the und erly in g physical process.
H e supervised M aurice P iren n e for his P h .D ., and this of course b ro u g h t him in contact w ith the fam ous w ork on the quantal sensitivity of rod vision (H echt, S hlaer & P irenne 1942), w hich W illiam m uch adm ired w hile adm ittin g to some unease about the statistical argum ents. I believe it was th ro u g h P irenne th a t he got to know Stanley Stiles, for w hom he had an en d u rin g ad m iratio n ; he was one of the first to espouse S tiles's analysis of the colour m echanism s by increm ent thresholds, and later Stiles lent him one tier of his m assive trich ro m ato r for the retinal densitom etry experim ents. H is in terest in vision, and perhaps his in te n tion of w orking on it, were well developed by th e sum m er of 1947, w hen there was a conference on colour vision in C am bridge.
T h e follow ing year he spent on sabbatical leave in Stockholm w ith R. G ran it, w hom he had know n since his visit to P hiladelphia in 1928. T h is was p robably the p eriod w hen his ideas for research in vision m a tu re d : he had hoped originally to do experim ents using the technique of 'silent s u b s titu tio n ' to d eterm in e the spectral sensitivity of retinal ganglion cells. T h e p rinciple of this m eth o d is to replace a light of one w avelength by light of another, determ in in g the energy range of the second for w hich th ere is no change in the discharge of the ganglion cell; this w ould show w hat energies w ere equivalent to each o th er at different w avelengths. In fact he was n o t able to use the m ethod at th at tim e, b u t it is a pow erful one th at he later developed in his papers w ith D o n n er on the frog's retina (53, 71-73), and it crops up in a good m any of his other papers, including his last neurophysiological w ork (172, 173), and (m ost elegantly) in his 'analytical an o m alo sco p e'(97, 153).
Instead of startin g this quan titativ e w ork he tackled the question of w hat anatom ical stru ctu re is responsible for the action potentials recorded from the surface of the m am m alian retina. A pplying the sim ple direct approach he had used on the w o rm 's ventral nerve cord he showed that G ra n it's electrodes picked out a large and rath er sparsely scattered type of ganglion cell in the cat retina (38, 39). It is interesting th at these two papers anticipate the elegant and th o ro u g h w ork by Cleland, Levick & W assle (1975) , w hich identifies the anatom ical alpha-type ganglion cells (Boycott & W assle 1974) w ith the Y -type units of E n roth -C ugell & Robson (1966) .
Retinal densitometry
It was d u rin g th is visit to S tockholm th a t he decided to ' m easure the visual p ig m en ts in living e y e s ', and his successful dev elo p m en t of this tech n iq u e w ith th e resu lts he o b tain ed are u n d o u b te d ly his greatest ex p erim en tal c o n trib u tio n to visual physiology; and as he said, it led on to m any o th e r things. H is success in this v en tu re was assisted by G . S. B rindley w ho, w ith E. N . W illm er (1952) , had already succeeded in g etting a little evidence on th e d ensity of rh o d o p sin in the h u m an eye, by using visual m eth o d s to m easure the light re tu rn e d from the fundus. In ad d itio n F. W . C am pbell, w hose expertise at the optic ben ch is legendary, helped him to get the set-u p w orking p ro p erly , b u t th e m ost im p o rtan t factor m u st have been his ow n sense of in stru m en tal design.
T h e p rin cip le is to send a light into the eye and m easure changes in w hat com es back after reflection from th e fu n d u s and a double tran sit th ro u g h the p h o to recep to rs, b u t the difficulties are form idable. T h e re are reflections and back -scatter from the cornea, the lens surfaces, the vitreous, and the retin a itself before th e light passes th ro u g h th e p h o to sensitive p ig m en t in th e recep to rs; fu rth erm o re, the layer beh in d the receptors, from w hich the light to be m easured is reflected, absorbs strongly in th e visible range so th a t very little of th e en terin g light is retu rn ed . A nd all th e w hile the living eye w obbles and blinks, and is hard to align accurately on an optic bench. T h e C am bridge group was not alone in attem p tin g the task at this tim e, for some success was being achieved by R. W eale (1953) at Ju d d S treet. T h is rivalry led to illfeelings th a t W illiam reg retted , b u t was never able to set right.
R u sh to n realized th a t th e only hope of getting reliable results was to use a differential system in w hich the light to be m easured is balanced by a com parison beam ; initially this cam e from a separate pathw ay, b u t he soon su b stitu ted a beam of far-red light th at followed the same p ath into and out of the eye as th e light to be m easured, because this suffered alm ost the same u n w an ted distu rb an ces as the light he was interested in b u t was little absorbed by th e ph o to p ig m en ts. Specular reflections were reduced by view ing th ro u g h crossed polaroids, because the m easuring and com parison beam s w ere depolarized by diffuse reflection at the fundus, and som etim es a particularly obnoxious parasitic im age was blocked by a speck of plasticine judiciously placed on a tran sp are n t plate (108). T h e in stru m en ts w ere in the old C avendish trad itio n and as different from com m ercial designs as can be im agined. Clive H ood, his skilled and intelligent assistant, gained an indispensable m astery of this kind of eq u ip m en t; as well as co n stru ctin g , guarding, m aintaining and m odifying it he assisted in the design of the latest version, the one used in F lorida (150).
All these tricks enabled the bleaching and regeneration of the p h o to sensitive pigm ents to be detected and followed tem porally, b u t severe lim its on the accuracy of th e results rem ained. T h e re are parallel paths th ro u g h different pigm ents, and the req u ired light is d ilu ted by light passing betw een the receptors and reflected or back-scattered from preretinal m e d ia ; his trea tm e n t of these problem s (108) was only published in 1965, som e 12 years after his earliest results had been obtained (40, 41, 43) . A w areness of these difficulties led him to use the d ensitom eter as a null in stru m en t, sim ply detecting changes in the retu rn e d light, in his later and definitive experim ents on th e foveal p igm ents of dichrom ats and norm als (91-93, 106, 107, 152) . It was p robably some tim e before he realized the reasons for the u n tru stw o rth in ess of the difference spectra th at he initially m easured. (45), the th resh o ld elevation caused by a bleaching light was very m uch greater th an w ould be expected sim ply from the reduced concentration of th e pigm ent. F o r instance, bleaching 10% of the pigm ent, leaving 9 0 % unchanged, raised th e th resh o ld some 100 tim es; this m eant th at the resynthesis of the final 1 0 % of the rhodopsin was the event und erly in g the w hole of th e rod p o rtio n of the classical biphasic dark-adap tatio n curve (75).
T h e second m ain p o in t concerned the density of th e rhodopsin in the retina, for this is an im p o rtan t figure to know in connection w ith the absolute sensitivity of the eye. H is direct m easurem ents req u ired m uch careful correction (55), and w ith conservative argum ents he reached a figure agreeing w ith the u p p er lim it previously acc ep ted ; later estim ates suggest th at the tru e value is alm ost twice as high (Zwas & A lpern 1976) .
T h e relationship betw een the am ount of rhodopsin bleached and the loss of sensitivity was a con tin u in g interest, and he followed it up in 1960 w hen he was on a sabbatical visit to B ethesda (79-81). H e was able to extend the range over w hich he could m easure the relation betw een bleach and sensitivity by doing th e experim ents on a subject deficient in cone vision, and established th at the log of thresh o ld rise was proportional to the bleach (79, 81), as D ow ling & W ald (1960) found in rats. H e was also able to show th at rod saturation occurred at the same lum inance regardless of the am ount of the bleach, and th at the action spectrum of rod saturation was th at of rhodopsin and was therefore not due to intrusion or inhibition by cones, as others had suggested (80). T h ese experim ents had an increasing dependence on psychophysical m ethods, and his in terest was clearly sw itching tow ards problem s of adaptation, w hich I shall retu rn to after considering his w ork on the retinal d en sit om etry of cone pigm ents.
Cone pigments and colour blindness
By 1955 he was able to obtain evidence of visual pigm ents at the fovea in norm al and colour-blind subjects, and a one page paper (48) foreshadows m uch of his later work. But although he published several brief notes and gave num erous lectures at m eetings he was clearly dissatisfied w ith m uch of this; it was not until 1963 th at he published definitive papers on protanopes in the Journal of Physiology (91-93), and another two years before those on deuteranopes appeared (106, 107). It is probable th at the reason for this long gap was his desire to get decent difference spectra for the cone pigm ents, and the fact that it took him a considerable tim e to appreciate the difficulties attached to this enterprise, as analysed in 1965 (108). H e gave the two pigm ents the attractive names, ' chlorolabe ' for the one absorbing and bleached by green light, and 'ery th ro lab e' for the one responding to red light; although he was able to show that the difference spectrum of chlorolabe in protanopes was not the same as that of erythrolabe in deuteranopes, and to obtain evidence by differential bleaching of the presence of both pigm ents in norm als (61, 152), he was never satisfied w ith the actual spectra and did not publish definitive versions. But w hat he did show was that protanopes have a single photosensitive pigm ent at their fovea, and that the action spectrum for bleaching this .pigm ent, chlorolabe, is very close to the lum inosity curve for such a subject; later he showed the same for the different pigm ent, erythrolabe, of deuteranopes. T his is obviously a lasting and im portant contribution because it finally confirms that, w ithin the errors of m easurem ent, the two extrem e form s of red/green blindness, protanopia and deuteranopia, are each due to the absence of one of the norm al types of photosensitive pigm ent.
In addition to evidence on the cone pigm ents, which is im portant for their role in colour vision, he also obtained estimates of their photosen sitivity and regeneration rates. Somewhat unexpectedly they are more photosensitive than the rhodopsin in rods, which in tu rn he had found to have a greater photon-capture cross section than rhodopsin in solution (54). T his is attributable to the orientation of the molecules in the rod outer segm ent, and also to a channelling effect whereby more light passes down the outer segment than one would expect from its cross sectional area, possibly because of the funnelling effect of a slightly conical, high refractive index, inner segment (54). He supposed that this channelling was m uch m ore prom inent in cones, as would be expected from their morphology, and that this was responsible for the StilesCrawford effect-the greater sensitivity of cones, but not rods, to axial rays.
T h e regeneration of cone pigm ents is more rapid than that of rhodopsin, but like rhodopsin it appears to follow first-order kinetics. He discovered, however, that curious things happen if the pigments are bleached by very 15 HBM brief, very intense flashes, for regeneration does n o t th en follow its norm al course (96) . H e suggested th a t such b rief flashes m ight, as a result of double hits, produce som e u n u su al isom ers of retinal th a t last longer than the usual ones (104). T o follow this up fu rth e r one clearly needs m ore analytic m ethods, b u t these p apers show nicely how one can obtain initial evidence for such phenom ena by looking carefully at the psychophysics. R u sh to n 's w ork on visual pigm ents led him to co n stru ct a m arvellous in stru m en t to analyse colour vision-the analytical anom aloscope (97, 153). T h e principle is to m atch tw o fields in colour and b rightness, one being com posed of red and green in variable p ro p o rtio n s, and the oth er of pure spectral light of variable w avelength and intensity. By m aking use of pure dichrom ats of the tw o sorts, the red and green th a t are to be m ixed in variable p ro p o rtio n s are first adjusted in relative lum inance so th at they are a perfect m atch eith er for the p rotanope, w hen the in stru m en t is said to be adjusted for p r o t m ode, or it is adjusted so th a t they m atch for a deuteranope ( d e u t m ode). In the p r o t m ode a p ro tan o p e sees no change w hen the knob changing the p ro p o rtio n s of red to green is tu rn ed , for the two extrem es m atch in lum inance and colour, so all interm ediate proportions also m atch ; sim ilarly for a deu teran o p e in th e d e u t m ode. But w hat is tru e for pro tan o p e or deu teran o p e is also tru e for one or other class of p h oto p ig m en t in a n o rm al; th u s in p r o t m ode, changing the proportions of red and green does not change the q u an tu m catch of the cones containing chlorolabe, the single p igm ent the p rotanope possesses at his fovea, so the change in appearance of the re d /g re e n field m u st be caused entirely by the o th er p igm ent th a t the norm al, and n o t the protanope, possesses, nam ely erythrolabe. Sim ilarly in d e u t m ode the in stru m en t can be used to investigate the pro p erties of chlorolabe. W hen the in stru m en t is set for a given p ro p o rtio n of red and green, the q u an tu m catch of the p igm ent im p o rtan t for these m atches, erythrolabe in p r o t m ode and chlorolabe in d e u t m ode, can be estim ated from the d e u t and p r o t settings and th e p ro p o rtio n in w hich they are m ixed, so the am ount of m onochrom atic light req u ired for the m atch enables the sensitivity at each w avelength to be calculated.
In an elegant series of experim ents w ith D . M itchell, D . S pitzer Powell and K. D. W hite (152, 164-167) he show ed th at the results on norm als are consistent w ith the theory sketched ab o v e; they th en applied the m ethod to anom alous trich ro m ats, obtaining estim ates of the spectral sensitivity of the anom alous pigm ents the latter possess. I th in k this in stru m en t epitom izes R u sh to n 's skill in design; he used the silent sub stitu tio n principle th at was one of his first ideas in vision, and m any subtleties in the use of circular and plane polarized light th at alone repay the reading of the papers. T h e results on anom alous trichrom ats are certainly w orthw hile, and if a m ore th o ro u g h investigation of the range of variation of hum an cone pigm ents is to be undertaken, this is a m ethod to be considered seriously.
Univariance and the cone pigment colour triangle
R u sh to n n o t only fo u n d o u t ab o u t visual p ig m en ts, he also tau g h t a g en eratio n of visual physiologists ab o u t th em . H e w rote tw o Scientific American articles, one on no rm al p ig m en ts in 1962 (86), th e o th er on the p ig m en ts of th e colour b lin d in 1975 (169) . T h e re are also tw o didactic lectures, one given w hen he received the P ro cto r M edal (149), th e o th er a review lecture at th e inv itatio n of the Physiological Society (158). L et m e draw atten tio n to ju s t tw o of the notable features of his teaching on colour vision. T h e first is his exposition of the p rin cip le of univariance, defined th u s in his ow n w o rd s: 'the o u tp u t of a recep to r dep en d s upon its q u a n tu m catch, b u t n o t u p o n w hat q u an ta are c a u g h t'. M any of the laws of colour m ix tu re are a sim ple and direct consequence of this p rin cip le, w ith th e existence of only th ree types of cone, tw o of w hich norm ally contain th e p ig m en ts chlorolabe and ery th ro lab e th a t R u sh to n h ad h im self nam ed and help ed to characterize.
H e also rein tro d u ced the cone p ig m en t triangle, first expo u n d ed by C lerk M axw ell (1871), as an alternative to the usual rep resen tatio n of colour space proposed by th e C om m ission In tern atio n ale de l'Eclairage. In this th e q u an tities rep resen ted are the q u an tu m catches of the three types of cone, and they are given by the p erp en d icu lar distances from the th ree sides of the points w ith in the triangle. T h is rep resen tatio n preserves th e geom etric pro p erties of the o th er rep resen tatio n s: for instance the colour of a m ix tu re of tw o lights lies along the line jo in in g th eir representative points in th e triangle, and at distances from them in the ratio of th e ir intensities. In ad d itio n it has the very elegant p ro p erty th at, if one p ig m en t is m issing, th e confusion lines are sim ply the lines th at pass th ro u g h the apex of the triangle co rresp o n d in g to th at pigm ent, for all points on such a line have the same ratio of p erp en d icu lar distances from the tw o of the sides of th e equilateral triangle m eeting at the apex. M any of us have had our view of colour vision sharpened and increased in co n trast by these articles.
Light and dark adaptation
R u sh to n early took an in terest in visual adaptation and his views on it are clearly expounded in his F errier lecture (112). W e have seen the fundam ental co n trib u tio n s he m ade in m easuring the variations in am ounts of photosensitive pigm ents, b u t he was also interested in the changes of sensitivity resulting from background lights th at caused negligible bleaching. H is m ost im p o rtan t experim ents were one w ith his ro d -m o n o ch ro m at colleague, C. B. Blakem ore (116, 117); in these he d em o n strated the validity of a generalization suggested by Stiles & C raw ford (1932) m any years earlier, nam ely th at the sensitivity of the retina at any one tim e and place is determ ined by a single variable 15-2 d ep en d en t upon th e past histo ry and p resen t value of the light falling on th at region. T h is leads directly to the concept of an 'equivalent back ground lig h t', and it had already been show n (C raw ford 1940) th at this sim plified th e consideration of the changes of sensitivity d u rin g dark adaptation. W ith Blakem ore he tested the validity of this notion over an extraordinarily w ide range of conditions and show ed th a t it held up well. It also holds for cones (121), th o u g h th e ir equivalent background is determ ined in d ep en d en tly of th a t for rods, and is in d ep en d en t for each class of cone.
R ushton never accepted m y suggestion (Barlow 1964 ) th a t partly bleached rods b o m b ard the brain w ith spurious light signals, th u s causing both the equivalent b ackground light and the positive after-im age, even though he helped to design the m ajor ex p erim en t th a t su p p o rts this view (Barlow & S parrock 1964 ). It seem s to m e th at m any of his experim ents provide startling confirm ation, b u t instead he proposed a feed-back m odel in w hich the signal from bleached rods controls the setting of a 'gain b o x '. T h is idea was very influential, and he designed and perform ed ingenious experim ents involving non-hom ogeneous bleaching and adaptation (113, 119) to decide how gain was controlled. T h ese stem m ed from an earlier experim ent w ith W estheim er (83), w hich suggested th at the threshold -elev atin g effects of a bleach were pooled over very large areas; this seem ed to confirm the noise idea, b u t the later experim ents suggested th at it was n ot the equivalent background th at was pooled, as required by m y idea, b u t its logarithm .
T h ese conclusions w ere based heavily on the thresh o ld being elevated equally in a region th a t had been light adapted, and in a neighbouring region th at had not, b u t A ndrew s and I found th a t one could detect large differences (Barlow & A ndrew s 1967) . R u sh to n 's failure to find a difference may have resulted from the severe difficulties of achieving h igh-contrast retinal im ages in stabilized vision. A ny eq u ip m en t m ounted on the eye is very liable to have its optical surface sm eared by an u n in ten d ed blink; w hereas one w ould detect the ruined im age im m ed i ately in norm al vision, in these experim ents poor seeing is likely to be blam ed on the fading caused by stabilization. A t all events the finding of large differences in local adaptation seriously u nderm ines his position, and subsequent w ork seems to confirm th at th ere are indeed large spurious signals from lig h t-ad ap ted rods (L am b 1980) . M acL eod (1986) discusses R u sh to n 's experim ents fu rth er, and the tru th may well lie betw een our two views, for it is adm ittedly unlikely th at receptor noise explains the whole of the loss of sensitivity following bleaching.
Neurophysiology
R u sh to n 's w ork on the neurophysiology of vision will be briefly discussed before his last m ajor series of psycho-physical papers involving the after-flash technique, because these results were largely in terp reted in te rm s of th e //-fu n c tio n , w hich was o b tain ed in his w ork on horizontal cell potentials. T h e re w ere th re e phases to his n eu ro physiology: in th e first (w ith K . O. D o n n er) th e silent su b stitu tio n tech n iq u e was applied to the retinal ganglion cells of th e frog, in th e second (w ith K . I. N aka), p o ten tials w ere reco rd ed from ho rizo n tal cells of fish, and in the th ird (w ith W . R. Levick, R. W . R odieck and B. G . C leland), silent s u b stitu tion was used in the cat to so rt o ut rod and cone in p u ts to ganglion cells. L ittle will be said ab o u t any of this w ork except in so far as it seem ed to co n trib u te to the dev elo p m en t of R u sh to n 's ideas.
F ro m th e w ork w ith D o n n er (71, 72, 73) he derived the idea of an ' excitation pool ' fed by recep to rs of different types and causing excitation of th e ganglion cell w hen th e level in the pool changed. In the w ork w ith N aka (126, 127, 128, 129, 131, 132) he show ed th at th e h y p erpolarization of h orizontal cells follow ed the h yperbolic relation V = & { / / ( / + *S)}, w hich he called th e //-fu n c tio n and w hich played a large p art in his w ork w ith A lpern and T o rii. H is final w ork in A ustralia is really only a beginning, b u t he m ade a start at confirm ing the results on rod o u tp u t o btained from his after-flash w ork (171), and he also applied the principles of th e analytical anom aloscope to d eterm in in g the rod and cone sensitivity curves from cat retinal ganglion cells (172, 173). T h is too b rief account of his neurophysiological w ork on vision does scant ju stice to a group of papers th a t, as always, contain m u ch sub tlety and elegance in design, analysis and expression of the results.
After-flash experiments
A lpern (1965) pub lish ed a pap er on the th reshold-elevating effects of flashes of light occurrin g after a b rief test stim ulus, and outside the area covered by th a t stim ulus. In it he show ed th at, co n trary to expectations, the effectiveness of th e after-flash on a test stim ulus exciting rods depended u pon the extent to w hich the after-flash stim ulated rods, and likewise in the case of a test stim ulus exciting cones it was the ability of the after-flash to excite cones th at m attered . T h is was a surp risin g result, for it suggested th at the interference of after-flash w ith test occurred peripherally, before the pathw ays from rods and cones had got in te r m ingled at the level of retinal ganglion cells and later. H e and R ushton took this up together and in a paper p ublished in the same year (110) they show ed th a t after-flash effects on different cones were also kept separate. T h e re followed a series of papers in w hich it was claim ed that rod and cone o u tp u ts could be estim ated at su p rath resh o ld levels and show n to follow the same //-fu n c tio n th at R ushton had obtained w ith N aka from horizontal cells.
T h ese papers are extraordinarily difficult to assess. T h ey certainly represent an attem p ted psychophysical analysis th at is far m ore am bitious than anything else I can call to m ind, for they claim to show how rod and cone signals vary w ith the intensity of the stim ulus, the intensity of the background, and the am o u n t of the relevant p ig m en t th at is bleached. B ut th ere are difficulties. T h e logic of the arg u m en t has leaps in it th a t are hard to follow and accept, and the claim ed separateness of effects on different receptors is difficult to reconcile w ith the know n n eu ro p h y si ology. T h is left m any of us w ith an uneasy fear th a t th e whole stru ctu re m ight rest on insecure fo undations, and W andell (1976) p u b lish ed a pow erful criticism th a t seriously u n d erm in ed them . In his 75th year R ushton agonized m uch over these criticism s b u t was never able to answ er them com pletely. I th in k th a t m any of the results are im p o rtan t and require only m in o r rein terp reta tio n to m eet W an d ell's points. W alraven (1980) has taken this up and suggests th a t m u ch rem ains valid if the square root of the H -fu n c tio n is taken as th e value of the in h ib ito ry signal. It is certainly a pity to ignore th e ir results on cone satu ratio n (147), and we have no alternative q u an titativ e th eory of the reduction in sensitivity caused by backgrounds and bleaching (145, 146) .
A t least one of th eir im p o rtan t claim s has been confirm ed by su b seq u en t w ork on receptors. C onventional w isdom in 1970, based on th e behaviour of am phibian rods, suggested th a t scotopic ad ap tatio n resulted from the desensitization of the receptors them selves, even in th e case of weak backgrounds. T h is w ould req u ire th at the curves shift to the rig h t w ith adaptation, b u t the R u sh to n , A lp ern and T o rii results show ed no such shift; the rods follow a fixed H -curve up t corresponds to the p art of th e curve above th e sem isaturation co nstant S. R esults obtain ed on p rim ate rods, as opposed to am phibian or reptilian ones, now suggest th at this is correct (N u n n & Baylor 1982) .
O t h e r w o r k
All R u sh to n 's w ork fits com fortably u n d er the headings of nerve and vision except for a p ap er on th e design of tim e bases for oscilloscopes w ith G ibbs (184), and the presidential address he gave to the Society for Psychical R esearch in 1971(185) . T h e form er shows th a t in 1946 he had a know ledge of electronics sufficient for him to design a state-o f-th e-art circuit, and another pap er th at well illustrates his ingenuity in design is his graphical m ethod for solving differential equations (21)-a m ethod of considerable u tility before the days of com puters. H is flair for in stru m en t design in optics was obviously im p o rtan t for his success in retinal densitom etry. T h e paper to the psychical researchers, entitled 'F irst and second s ig h t', shows a different facet of his character; it is a delight to read and deserves com m ent.
F irst it is interesting th at he found him self in th e position of being P resident of th at Society. T h o u g h he was, he told me, keenly religious for a short period in his adolescence, and though he had a quite unexpectedly deep know ledge of the Bible, especially the O ld T estam en t (see A lpern 1983), he generally gave the im pression of being a rationalist w ith little faith, or even in terest, in th e su p ern atu ra l. T h e tim e he m u st have sp en t on th e affairs of th e Society suggest th a t this was n o t q u ite the case, b u t ra th e r th a n speculate ab o u t this let m e briefly ou tlin e his address.
H e starts by p o in tin g o u t how a sighted visitor is treated in 'T h e co u n try of th e b lin d ' : th e in h ab itan ts declare ' w hat you call sight is a trick, th o u g h we do n o t always know how it is d o n e '. H is audience m u st have been p u t at th e ir ease, feeling they w ere being addressed by one of th e co nverted w ho appreciates th e p ro b lem s faced by those w ho have, or believe in, second sight. B ut p u ttin g people at th e ir ease was n o t one of W illiam 's m ajor aim s in life, and he w ent on to com pare the ex trao rd in ary p erfection of the biological m echanism s of first sight w ith th e u n reliability and ap p are n t uselessness of second sight. F u rth e rm o re he show ed th em how , w hen a species of anim al cannot, for one reason o r an other, use first sight it often develops a form of 'second s ig h t', w hich is as refined in its way as o u r ow n first sig h t; as exam ples he described the sonar of bats and electrolocation in electric fish. ' W hy is o u r ow n second sight n ot the equal of th a t evolved by these c re a tu re s ? ' he asks.
A p articu larly nice to u ch is his discussion of th e w ork of S perry and G azzaniga on sp lit-b rain subjects; they show th at one half of the brain can n o t com m unicate w ith the o th er half if th e giant trac t of nerve fibres th a t connects th em is severed. 'H ow strange it i s ', he m uses, 'th a t one h alf of the b rain cannot com m unicate w ith its m ate in the same skull w hen it can, using second sight, com m unicate w ith an o th er m ind separated, in som e cases, by th o u san d s of m iles.' H e ends by proposing a typically R u sh to n ian hypothesis on th e n atu re of second sight. P erhaps, he says, second sight is like a leak in the hull of a ship. If you regard this as a d eliberate supply of d rin k in g w ater it will seem ill-designed, inconvenient and unreliable, b u t this is th e w rong way of looking at it, for it actually rep resen ts the partial failure of an otherw ise effective stru ctu re ; in the sam e way any second sight th at occurs m ay rep resen t the failure of a b arrie r, not a gift from the gods. H e finishes 'W e should therefore praise, not blam e, our m arvellous im perviousness to extrasensory perception. It is bad enough for you to hear m y w o rd s ; be thankful th at you are screened from m y th o u g h ts.' T h o se who w orked w ith W illiam have an endless fund of rem iniscences about th e ir experiences. In addition to the accounts I have already m entioned (A lpern 1982 Barlow 1982; H odgkin 1982; C am pbell 1983) , some o ther com m ents and opinions m u st also be m entioned here. D onald M acL eod com m ents on his enthusiasm for his subject:
'H e w orked u n d er the pressure of an intense, and quite sustained, em otional excitem ent, and it was this rath er than sheer intelligence that m ade him rem arkable. In 1972 (aged 71) he still spent 9 or 10 h o u r days at the ben ch w ith his sh irt sleeves rolled u p ; he was also p re tty fast on a bike w hich he still rode to and from the lab. A n attractive feature of his character was his com prehensive political naivete and lack of careerist am bitions. H e was like a clever child, eager to learn and eager for approval or acclaim .' H e also describes how, after initially being intim id ated , he found him ' ... supportive in every way, show ing great patience in explaining his ideas and m uch en th u siasm in discussing a ltern ativ es'. T h is enthusiasm and patience in explanation and discussion is also m en tio n ed by D on M itchell.
W ith this degree of co m m itm en t it is perh ap s n ot su rp risin g th at, as M acL eod goes on to say, ' ...n o t all was sw eetness and light: especially w hen things w eren 't going well, his tem p er could flare up w ith little or no provocation and his in d ignation could be form idable. B ut w henever this happened he always (and usually w ithin m inutes) apologised w ith such obvious sincerity th a t co n tin u ed resen tm en t was im possible. ' C o n sidering the stren g th of his em otional involvem ent in his w ork it is perhaps not surprisin g th at, w ith a few individuals, he had disagreem ents th a t were never overcom e. H e reg retted these episodes, and I d o n 't th in k they ever occurred w hen he was fully confident of his position. U n fo rtu n ately he som etim es gave the im pression th a t he regarded such q uarrels as the necessary consequence of speaking fo rth rig h tly against folly and erro ran attitu d e th at n aturally did little to m ake his victim s forgive and fo rg e t! F or uninvolved spectators these feuds w ere em barrassing, b u t I suspect others as well as m yself took the rath er callous view th at a few m inor b u rn s w ere n ot too high a price to pay for some m ost spectacular fireworks.
M any have m en tio n ed the ingenuity of W illiam 's experim ental tests of hypotheses, b u t G . W estheim er gives a rath er m ore detailed analysis of his m ode of research:
' I found W illiam to have a un iq u e approach to psychophysical research in light and dark adaptation. H is initial experim ents were always quite brief and m ig ht have been called p erfu n cto ry by som e. H e then w ent hom e and spent all evening devising m odels th at w ould add insight. N ext m orning he w ould usually have devised two or three critical tests w hich w ould again be carried o ut quite perfunctorily, b u t w ith sufficient precision to rule out som e possibilities. T h is m ight go on for weeks. A conventional psychophysicist m ig h t have been tem p ted to dism iss the exercise as lacking in rigour. But in fact it allowed W illiam to gain a larger overview of the situation than could have been obtained in m any years of m ore system atic investigation. Because it took several years before he w rote the w ork up, he usually avoided egregious errors, yet he was never bogged dow n by m onths of dreary data accum ulation. ' R. G ranit, F o r.M em .R .S ., who m et him in 1928 and in whose laboratory W illiam spent a year girding his loins to take up vision, talks of 'his curious am bivalence, p rid e in his intellectual resources, u n su sp e cted h u m ility , sh o w m an sh ip , adherence to f a c t s . .. ', and also says he was ' deserving of a N obel prize alth o u g h he en tered vision so late in life '. H e concludes by saying, ' I have enjoyed rem iniscing about W illiam in S tockholm , recalling how very gay we always w ere to g e th e r.' M any of us w ith rich m em ories of him w ould echo th at.
C o n c l u s i o n s W illiam 's papers give a good idea of his pu b lic presen tatio n s, and in places you can hear his voice as you read them . T h e y w ere never dull, for subjects he becam e in terested in seem ed to sp rin g to life; indeed it can be claim ed th a t they did sp rin g to life, for nervous con d u ctio n was solved as he left th e field, and vision research certainly took off in the 1960s and 1970s. If he talked ab o u t a p articu lar topic, this took centre stage for a tim e; th e topic he said was in terestin g im m ediately becam e in terestin g , and th e re w ere good reasons for this. H e explained things in sim ple term s, and he had a m arvellous m an n er, w hich I rem em b er from his u n d erg rad u ate lectures, of posing a question and th en answ ering it w ith a solid experim en tal fact. T h a t question could th en be left b ehind, and we could go on to th e next, w hich in tu rn becam e interesting. B etw een 1955 and 1975, m any m u st have been attracted into vision by the heady m essage th a t sim ple logic and th e righ t experim ent will dissolve m ystery.
T h e re is, how ever, a negative side bo th to his talks and his papers; p erhaps it was his lack of hum ility (w hich I th in k was only an ap p aren t lack), or his desire to m ake a splash (w hich was p robably genuine), th a t aroused suspicions in some of his listeners and readers, suspicions th at he was m aking too definite a case, p anning the opposition too h ard, or p erhaps even sw eeping some inconvenient facts u n d er the carpet. T h e experienced W illiam -w atcher rapidly spots the oratorical flourish or sarcastic jib e th a t justifiably arouses such suspicions, and it has to be said th a t he was not always right, th a t his ju d g e m en t was som etim es based on the beauty of the case, n o t the adequacy of the evidence. B ut I th ink the im p o rtan t attitu d e th a t com es across in all his talks and papers is: ' I am m aking m y case w ith all the force I can in o rd er to give it the best chance of surviving: b rin g fo rth the facts th at disprove it if you c a n '. T h is is not an u nhealthy stance for a scientist, b u t perhaps it was exaggerated in the visual h alf of his scientific life because he so reg retted n o t being m ore forceful in expressing and p u rsu in g the insights on nerve of his younger years. P erhaps this regret also echoed a feeling from his childhood, the feeling th a t his deeper insight into 'the additivity of lightness and h eav in ess' (see p. 425) had not been appreciated as m uch as his younger b ro th e r's easy forthrig h tn ess.
H ow then can one try to sum m arize his overall achievem ent? If there is anyone w ho has read so far and is n o t som ew hat aw e-struck by the am ount he accom plished and the d ep th of his intellect, then I have failed in w hat I set out to accom plish. B ut th ere is a slight d isparity betw een the tw o aw e-striking aspects of his w ork, for the intellect perhaps shines a little b rig h ter th an the accom plishm ent. F ro m his intellect one m ight expect th a t he w ould have changed th e way we th in k about nerves or vision in some fu ndam ental way, b u t it cannot really be claim ed th at he did that, tho u g h he certainly elucidated m any facts th a t are essential to us now. W here he p erh ap s had the greatest effect was in m aking us look at the w hole system . H e was n o t co n ten t w ith specialized know ledge of one part, be it horizontal cells, exchange th resh o ld s, or the pigm ents them selves. H e aim ed at u n d erstan d in g the whole process, from cap tu red q u an tu m to the sensation it released, and he m ade his listeners th in k in sim ilar term s. H earin g a m an of his intellect reasoning on these lines had a m ajor effect in raising the quality of those who en tered th e field, the quality of discourse w ithin it, and hence the w hole quality of research in vision. W ith o u t considering at all th e feast of papers he w rote, it is rem arkable th at a m an w ho en tered the field at the age of 50 had such an im pact. L et me end w ith a q u o tatio n : 'H e generated an atm osphere of excitem ent w here the answ ers seem ed to be w aiting ju s t rou n d the corner to be picked up by a w ell-designed e x p e rim e n t'. T h a t is W illiam 's account, w ritten in his 77th year, of H am ilto n H artrid g e, b u t it describes m ore exactly th an any w ords I can find the effect W illiam him self had on me, and probably countless others. 
